Abstract. This paper presents an analysis of the optical night sky brightness and extinction coefficient measurements in U BV RI at the Indian Astronomical Observatory (IAO), Hanle, during the period 2003−2008. They are obtained from an analysis of CCD images acquired at the 2 m Himalayan Chandra Telescope (HCT) at IAO. Night sky brightness was estimated using 210 HFOSC images obtained on 47 nights and covering the declining phase of solar activity cycle-23. The zenith corrected values of the moonless night sky brightness in mag arcsec −2 are 22.14 ± 0.32 (U ), 22.42 ± 0.30 (B), 21.28 ± 0.20 (V ), 20.54 ± 0.37 (R) and 18.86 ± 0.35 (I) band. This shows that IAO is a dark site for optical observations. No clear dependency of sky brightness with solar activity (implied by the 10.7 cm solar flux) is found. Extinction values at IAO are derived from an analysis of 1325 images over 58 nights. They are found to be 0.36 ± 0.07 in U -band, 0.21 ± 0.04 in B-band, 0.12 ± 0.04 in V -band, 0.09 ± 0.04 in R-band and 0.05 ± 0.03 in I-band. On average, extinction during the summer months is slightly larger than that during the winter months. This might be due to an increase of dust in the atmosphere during the summer months. No clear evidence for a correlation between extinction in all bands and the average night time wind speed is found. Also presented here is the low resolution moonless optical night sky spectrum for IAO covering the wavelength range 3000 − 9300 A. Features from O, OH, N and Na are seen in the spectra. Hanle region thus has the required characteristics of a good astronomical site in terms of night sky brightness and extinction, and could be a natural candidate site for any future large aperture Indian optical-infrared telescope(s).
Introduction
A good astronomical site is characterised by various atmospheric conditions (which includes atmospheric transparency, seeing, meteorological parameters such as wind, snowfall, surface temperature, rainfall etc. and sky brightness) and geographical conditions (such as local topography, seismicity, source availability i.e, latitude etc.). Sites having minimum cloud coverage, very low frequency of snowfall/rainfall, low relative humidity, low nocturnal temperature variation, high atmospheric transparency and low night sky brightness are good for ground based optical and infrared observations. Two main characteristics of the night sky are the night sky brightness and atmospheric extinction.
Even in the absence of artificial light, the moonless night sky is not dark. This is because the atmosphere scatters into the sky, light emitted by the following processes (cf. Krisciunas 1997) , (i) zodiacal light (caused by sunlight scattered off interplanetary dust), (ii) faint unresolved stars and diffuse galactic light due to atomic processes within our galaxy, (iii) diffuse extragalactic light (due to distant, faint unresolved galaxies) and (iv) airglow and aurorae (produced by photochemical reactions in the Earth's upper atmosphere). Of these, (i)−(iii) are extraterrestrial in origin and thus independent of the site, whereas (iv) depends on the site and time of observation. These are the natural processes which produce the night sky brightness in any astronomical site. In addition to the above, night sky can be affected by light pollution due to scattering of street lights in the Earth's lower atmosphere. Humans do not have control on any of the natural sources causing the brightness of the night sky, but do have a control on the brightness caused by artificial lights scattered on to the sky. It is thus possible to maintain the night sky brightness at any observatory site to its natural level by minimising light pollution in the immediate vicinity of the observatory.
Apart from the natural and artificial sources affecting the night sky, the light coming from any celestial source being observed suffers from scattering by air molecules and aerosols as well as absorption by water vapour and ozone while passing through the Earth's atmosphere. This leads to attenuation of their light and is referred to as the atmospheric extinction. This depends on the constituents of the atmosphere, the wavelength of the incoming light, and the altitude of the site. Precise knowledge of the extinction coefficient of each site is essential to compare observations of the same object taken from different locations of the globe. A good astronomical site needs low extinction values. Apart from low extinction, its stability during a night is also equally important.
In this article we present the moonless night sky brightness and atmospheric extinction in U BV RI passbands at IAO, Hanle. IAO is located at the Himalayan range in Northern India (longitude = 78
• 57 ′ 51.2 ′′ E, latitude = 32
• 46 ′ 46.5 ′′ N and altitude = 4467 m) and run by the Indian Institute of Astrophysics, Bangalore. This is a thinly populated, cold and dry desert region. The sky at IAO is thus not much affected by dust and light pollution due to human activities. A 2 m telescope, the Himalayan Chandra Telescope (HCT) is operational at IAO since May 2003. The data used in this study for night sky brightness span the period 2003−2008 which correspond to a major part of the declining phase of solar activity (which could affect night sky brightness) cycle-23, while the data for extinction estimates span the period 2000−2008. Preliminary estimates of the night sky brightness and extinction at IAO have been reported by Parihar et al. (2003) and an analysis of the meteorological parameters at IAO is presented in Stalin et al. (2008) . The structure of this paper is as follows. Section 2 describes the data set used in this study, Section 3 presents the analysis of extinction and Section 4 presents an analysis of night sky brightness. A spectrum of the night sky at IAO is presented in Section 5 and the results are summarized in the final section.
Data
No data were obtained specifically for studying the night sky at IAO. Therefore, archives at IAO were searched for a data set which is as homogeneous as possible. Multiband imaging data from the supernova monitoring program of IAO were thus collected from the archives spanning the years 2003−2008. They were from science observations carried out using HFOSC at the 2 m HCT. The CCD used in these observations was a 2k × 4k, with a pixel scale of 0.296 ′′ /pix giving a sky coverage of 10 × 10 arcmin 2 . A total of 210 images obtained over 47 nights were extracted from the IAO archives and used to estimate the night sky brightness. Photometric standard fields (Landolt 1992) The night sky spectrum at IAO has been extracted from the spectroscopic data of supernova SN 2004et obtained on 2004 October 16. The spectra were obtained with a 11 ′ long and 1.92 ′′ wide slit and two grisms; grism 7 and grism 8 covering the wavelength range from 3500−7000Å and 5200−9200Å respectively. The spectral resolution is 8 A. Spectroscopic data too, was bias subtracted, flux and wavelength calibrated using standard IRAF procedures.
Extinction
The Bouguer's linear formula for atmospheric extinction is 1 IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy Inc. under contract to the National Science Foundation
where m(λ, z) is the observed magnitude, m o (λ) is the magnitude above the Earth's atmosphere, k λ is the extinction and secz is the airmass at zenith distance z.
The three sources of extinction in the Earth's atmosphere that are important for ground based astronomical photometry are (Hayes & Latham 1975) 1. A aer = Aerosol scattering 2. A Ray = Rayleigh scattering by molecules 3. A oz = molecular absorption mainly by ozone
The contribution of each of these parameters to extinction depends on wavelength, whereas, Rayleigh and Aerosol scattering, apart from wavelength, depend also on height and atmospheric conditions at the site.
According to Hayes & Latham (1975) , Rayleigh scattering by air molecules at an altitude h is given by
where
Here, λ is the wavelength in microns and h is the altitude in km. Eq.2 assumes an atmospheric pressure of 760 torr at h = 0 and a scale height of 7.996 km. The largest uncertainty here is due to the deviation of local atmospheric pressure from the assumed standard condition.
Molecular absorption by ozone and water vapour too contribute to the total extinction at any site. Ozone is concentrated at altitudes between 10 and 35 km and hence its contribution to the extinction does not depend on the altitude of the observatory. However, it is a function of wavelength and occurs in selective bands centered at λλ 3300 and 5750Å (Gutierrez-Moreno et al. 1982) . On the other hand, extinction due to water vapour is difficult to estimate, because the amount of water vapour above a site is variable. This is however, weak and centered only around a few select bands with neglible contribution to broad band. The extinction due to ozone is (cf. Bessel 1990; Kumar et al. 2000 )
where C oz (λ) is the ozone absorption coefficient and is given as
Extinction due to aerosol scattering is highly variable. This is due to particulates including mineral dust, salt particles and man made pollutants and is expressed as
where H is the density scale height for aerosols and A o is the total optical thickness of atmospheric aerosols for λ = 1 µm, which depends on the total content of particles and on their efficiency for scattering and absorption and is taken to be 0.087 (Mohan et al. 1999; Bessel 1990 ). α is a parameter which depends on the size of the aerosol grains. Following Hayes & Latham (1975) a value of H = 1.5 km and α = 0.8 is considered in this work. The largest uncertainty in A aer from Eq. 5, is due to the incomplete knowledge of the nature of aerosols at the location of IAO.
The total extinction at any given wavelength is therefore a linear combination of these three contributions and is given as
From HFOSC images, the extinction coefficients in different filters were determined using Eq. 1. The observed values at U, B, V, R and I filters and the theoretical values calculated at their central wavelengths are given in Table 1 . The observed values of extinction coefficients have a mean value of 0.36 ± 0.07, 0.21 ± 0.04, 0.12 ± 0.04, 0.09 ± 0.04 and 0.05 ± 0.03 in U BV RI bands respectively. A histogram of the measured extinction coefficients is shown in Fig. 1 . The monthly variation of extinction determined for the period 2000−2008 is shown in Fig. 2 . From Fig. 2 it is seen that the extinction in summer months is larger than during the winter months. Here, summer months refer to the period between May−September and winter months refer to the period between October−April. The variation of the measured extinction coefficients with the average night time wind speed is shown in Fig. 3 for all the bands. From Fig. 3 , there is a hint for a correlation between the extinction coefficient and the wind speed. But, non-inclusion of one high extinction value at high wind speed in each band removes the correlation (linear correlation coefficient R < 0.5) and the linear fit shown in Fig. 3 almost becomes horizontal. Thus, from the present data set, there is no clear evidence of a correlation between the extinction coefficient and the average night time wind speed. Further data are needed to check for the presence or absence of this correlation. A statistical summary of the measured extinction data is given in Table 2 . The yearly averages of extinction coefficient in several bands are given in Table 3 . As evident from Table 3 , we find no clear evolution of extinction over the years 2000−2008.
Nature of Aerosols at IAO
Aerosol extinction properties can be studied from the observed total extinction. The observed values of mean extinction were analysed to study the nature of aerosols at IAO. It has been noted by Hayes & Latham (1975) that the extinction due to Rayleigh and ozone can be calculated theoretically with an accuracy of the order of ±0.01 mag/airmass for wavelengths between 3300 − 10800Å, using Eqs. 2 and 3. Therefore, from the total measured extinction, theoretically calculated values of extinction due to Rayleigh scattering and ozone were subtracted to get the observed values of extinction due to aerosols. Thus the extinction due to aerosols at IAO is estimated as follows
The deduced values of aerosols using Eq. 7 could well be represented as
α and β in Eq. 8, were then determined by linear fits on the log-log plots of the deduced aerosol extinction and wavelength. We find a mean value of α = 0.84 ± 0.23 and β = 0.07 ± 0.04 from analysis of 14 nights for which a linear fitting was possible. The mean value of α found here is similar to that found for many observatories (Hayes & Latham 1975) . A comparison of the extinction at Hanle with that of other sites is given in Table 4 . From Table 4 it is seen that the extinction at IAO is similar to that of the best astronomical sites. 
Sky brightness
The night sky brightness is estimated following the relation given by Krisciunas et al. (2007) :
where S is the brightness of the sky in magnitudes, C * is the total counts above sky within the aperture of the standard star of magnitude M * with an exposure time E * , C sky is the mean sky counts times the area of the aperture with exposure E sky . X * is the airmass and k λ is the atmospheric extinction corresponding to the filter used. The sky brightness in magnitude per square arcsec, I(µ) is then
Here, A is the area of the aperture in square arcseconds estimated from the plate scale of the CCD. It is known that the sky becomes brighter at larger airmass. This is due to the natural effect of airglow which is brighter at low elevations. Light pollution also makes the sky brighter at low elevations. On the other hand, the contribution of extraterrestrial component to sky brightness is independent of zenith distance. The images for sky brightness were acquired at various airmass ranges and therefore, the measured values of sky brightness need to be corrected for its dependence on zenith distance caused by the effects of airglow. To get the sky brightness at zenith, a correction (∆m) has been added to the measured sky brightness following Patat (2003) . This assumes that a fraction(f ) of the total sky brightness is generated by airglow, and the remaining (1-f ) fraction is produced outside the atmosphere (thus including zodiacal light, faint stars and galaxies). To convert the measured sky brightness to zenith, the mean extinction values at IAO and f = 0.6 (Patat 2003) were used. Here X is the optical path length along a line of sight (not quite equivalent to the secant of zenith angle) and is given as (Patat 2003 )
In order to estimate the night sky brightness during the dark moon period, the following criteria were applied while choosing the data from the IAO archives. They are (a) photometric conditions, (b) airmass ≤ 1.4, (c) galactic latitude |b| > 10
• , (d) time distance from the closest twilight ∆t > 1 hr and (e) no moon (fractional illumination of moon equal to zero or moon elevation < −18
• ). After applying these restrictions, we collected 210 frames, taken over 47 nights during 2003−2007 . In this study, secondary standard stars (more than 6) were used in each frame and thus E * = E sky in Eq. 9. It should be noted that the sky brightness at any line of sight towards the sky is not corrected for extinction following the method adopted in studies of sky brightness (Krisciunas et al. 2007 ).
The average moonless night sky brightness at the zenith at IAO are 22.14 ± 0.32 in U , 22.42 ± 0.30 in B, 21.28 ± 0.20 in V , 20.54 ± 0.37 in R and 18.86 ± 0.35 in I band. Their year wise statistics is given in Table 5 and their evolution over the year is shown in Fig. 4 . The sky brightness evolution might not be significant and considering the errors, this might be consistent with no evolution. A comparison with other sites is given in Table 6 . The sky brightness values at IAO listed in Table 6 are similar to those of other astronomical sites in U BV R except I band. The sky at IAO in the I band is clearly brighter than the other astronomical sites listed in Table 6 with the exception of Calar Alto. This might be due to the hydorxy OH (Meinel) bands being stronger at IAO (see Section 5). 
Variation of night sky brightness with Solar activity
A possible correlation between sky brightness and solar activity was first pointed out by Rayleigh (1928) and Rayleigh & Jones (1935) . It was later confirmed by several authors (Walker 1988; Patat 2008; Krisciunas et al. 2007 ). The monthly averaged 2800 MHz solar flux 2 between Jan 1998−March 2008 is shown in Fig. 5 . The data used in this work Here, m 0,λ is the magnitude zero point (Cox 2000) , and m sky,λ is the measured sky brightness at zenith in mag.arcsec −2 . Correlations have been looked for between measured sky brightness and average solar flux computed for 10 days prior to each sky brightness measurement. The results are shown in Fig. 6 . A trend for a correlation is seen, though differently in various filters. To have a quantitative description of the correlation, a linear fit of the data to m = m 0 + γF sky was done and the results of the fit are given in Table 7 . From the low correlation coefficients, we point out that there is no correlation between sky brightness and solar activity, in this present data set. Similary, no correlation between sky brightness and solar activity is found between the summer and winter months. 
Night sky spectrum
A typical night sky spectrum is shown in Fig. 7 , and the data acquired for generating the spectrum is described in Section 2. The strong emission lines/bands clearly identified in the spectrum have been labelled with their corresponding atomic/molecular names, and a complete list of all the lines/bands identified in the spectra along with their respective Table 8 . The distinctive features seen in the night sky spectrum are the OI lines (5577 and 6300Å), OH rotational vibrational Meinel bands in the red region of the spectrum and lines due to Na and N.
Conclusion
We have studied the nature of the night sky at IAO. The results are summarized below:
1. The measured average extinction coefficient at IAO during the period 2003−2008 are 0.36 ± 0.07 in U , 0.21 ± 0.04 in B, 0.12 ± 0.04 in V , 0.09 ± 0.04 in R and 0.05 ± 0.03 in I. However, the average extinction during summer months is slightly larger than that of winter months. There is no clear evidence for a correlation between the measured extinction coefficient and the average night time wind speed.
2. The moonless night sky brightness at zenith are 22.14 ± 0.32 in U , 22.42 ± 0.30 in B, 21.28 ± 0.20 in V , 20.54 ± 0.37 in R and 18.86 ± 0.35 in I. Except for the I band, the sky brightness in other bands at IAO are similar to those of other dark sites in the world. The bright nature of the sky in I band at IAO, might be due to the presence of strong OH rotation vibrational Meinel bands in the red region of the optical spectrum. We find no dependence of the night sky brightness with 10.7 cm solar flux, probably due to insufficient data coverage during the solar cycle.
3. The moonless night sky spectrum covering the wavelength range 3000 to 9300 has been presented. Features from OI, OH, Na and N are seen in the spectra. Lines due to light pollution are not seen in the spectrum, and thus Hanle is free from any man made light pollution.
We conclude that IAO has a night sky similar to the best sites in the world. In addition to the good skies, IAO also has a longitudinal advantage in covering the longitudinal gap between observatories in the West and the East. Hanle region could thus be a potential site for any future large Indian optical-infrared telescope(s).
